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Genetic Dissection of Structural and Functional
Components of Synaptic Plasticity. I. Fasciclin II
Controls Synaptic Stabilization and Growth
Christoph M. Schuster,* Graeme W. Davis, memory, have been shown to be accompanied by
changes in the size and structure of the synapse (Glanz-Richard D. Fetter, and Corey S. Goodman
man et al., 1990; Bailey and Chen, 1989; Desmond andHoward Hughes Medical Institute
Levy, 1986). Long-term changes in synaptic structureDivision of Neurobiology
need not be all positive; the size and structure of syn-Department of Molecular and Cell Biology
apses can decrease, even to the point of total retraction.University of California, Berkeley
For example, at the vertebrate neuromuscular junctionBerkeley, California 94720
(NMJ), activity-dependent synaptic competition leads
to the selective elimination of some synapses and the
stabilization and growth of others (Lichtman and Balice-Summary
Gordon, 1990; Dan and Poo, 1994). This process of re-
modeling involving active sprouting and retraction ofThe glutamatergic neuromuscular synapse in Dro-
synaptic arbors is likely to be common to many partssophila forms and differentiates into distinct boutons
of the mature nervous system (e.g., Purves et al., 1986,in the embryo and grows by sprouting new boutons
1987).throughout larval life. We demonstrate that two axons
What molecular mechanisms control synaptic stabili-form z18 boutons on muscles 7 and 6 by hatching
zation, growth, and elimination? One possibility is thatand grow to z180 boutons by third instar. We further
the molecules involved in activity-independent eventsshow that, after synapse formation, the homophilic
of neuronal development are later called upon againcell adhesion molecule Fasciclin II (Fas II) is localized
to regulate the long-term plasticity of mature synapticboth pre- and postsynaptically where it controls syn-
connections. In this series of papers (this paper; Schus-apse stabilization. In FasII null mutants, synapse for-
ter et al., 1996 [this issue of Neuron]; Davis et al., 1996mation is normal,but boutonsthen retract during larval
[this issue of Neuron]), we show that the eventsof synap-development. Synapse elimination and resulting le-
tic stabilization and growth share a necessary molecularthality are rescued by transgenes that drive Fas II ex-
component with earlier events of axon growth and guid-pression both pre- and postsynaptically; driving Fas II
ance: the neural cell adhesion molecule (CAM) Fasciclinexpression on either side alone is insufficient. Fas II
II (Fas II; Harrelson and Goodman, 1988; Grenningloh etcan also control synaptic growth; various FasII alleles
al., 1991).lead to either an increase or decrease in sprouting,
Previous genetic analysis in Drosophila revealed thatdepending upon the level of Fas II.
Fas II, an NCAM-like molecule, functions to control fas-
ciculation, defasciculation, and axon sorting during
Introduction axon pathfinding (Lin and Goodman, 1984; Lin et al.,
1984). In this paper, we use genetic analysis to explore
During neuronal development, growth cones follow spe- the role of Fas II in the regulation of neuronal structure
cific pathways to find and recognize their correct tar- after synapse formation and show that it functions to
gets, and then form specific synaptic connections. control both synaptic stabilization and growth during
These initial patterns of synaptic connections form in a postembryonic development. In an accompanying pa-
largely activity-independent fashion based on molecular per (Schuster et al., 1996), we show that Fas II controls
recognition cues and interactions between growth cone the growth of presynaptic structure by functioning
and target (e.g., Goodman and Shatz, 1993; Goodman, downstream of neural activity and cyclic AMP (cAMP).
1996). Synapse formation sets into motion a dynamic, However, a change in Fas II expression is not sufficient
activity-dependent process of synaptic growth and re- on its own to alter synaptic strength. In the third paper
traction, as patterns of neuronal activity drive the remod- (Davis et al., 1996), we show that CREB, the cAMP re-
eling of synaptic connections. Postembryonically, this sponse element–binding protein, acts in parallel with
process of ongoing synaptic growth and retraction is Fas II to control the cAMP-mediated enhancement in
thought to be the cellular basis of learning and memory. synaptic strength.
Long-term changes in synaptic function (lasting hours Our work was motivated in part by previous studies
to days) are often associated with structural modifica- that suggested that CAMs at the synapse might control
tion of the synapse (Bailey and Kandel, 1993), as op- important aspects of synaptic stabilization and growth
posed to short-term plasticity (lasting milliseconds to (reviewed by Doherty et al., 1995; Fields and Itoh, 1996).
minutes), which is due to modulation of presynaptic CAMs of the immunoglobulin superfamily (such as
transmitter release or postsynaptic transmitter detec- NCAM and L1) appear to be localized to synaptic mem-
tion (e.g., Korn and Faber, 1991; Zucker, 1989). Long- branes, particularly in the hippocampus (Pollerberg et
term facilitation (LTF) in Aplysia and long-term poten- al., 1986; Persohn et al., 1989). More recent studies
tiation (LTP) in the mammalian hippocampus, both have shown that the application of various L1 or NCAM
considered to be cellular correlates of learning and antibodies or peptide fragments perturbs LTP in hippo-
campal slices (Lu¨thl et al., 1994). Although it is difficult
from these experiments to determine whether these per-*Present address: Friedrich-Miescher Laboratorium der Max-
turbations in L1 and NCAM function interfere withPlanck-Gesellschaft, Spemannstraße 37-39, 72076 Tu¨bingen, Fed-
eral Republic of Germany. growth or signal transduction or some other step, they
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nevertheless suggest that CAMs might modulate either that make specific connections with particular muscles.
Most of our analysis focuses on muscles 7 and 6, whichthe development or the consolidation of LTP. In Dro-
sophila, mutations affecting the expression of the CAM are innervated by two motoneurons: RP3 and MN 6/7b
(called axon 1 and axon 2 in EM analysis by Atwood etFasciclin I alter synapse morphology and function
(Zhong and Shanley, 1995). In addition, Stewart et al. al., 1993). For certain experiments in this and the follow-
ing two papers, we also examine muscle 3, which is(1993) have examined a severe hypomorphic allele of
FasII and shown that synapse size, but not function, is innervated by two motor axons (MN 3a and MN 3b), and
muscle 4, which is innervated by two axons.altered. However, the physiological relevance of these
synaptic changes during normal development and syn- The muscles of third instar larvae are innervated by
synaptic terminals of two major types (Johansen et al.,aptic plasticity is unclear.
A compelling case suggesting a role of CAMs in struc- 1989). Type I endings are restricted in distribution and
possess relatively large boutons, and type II terminalstural plasticity comes from studies in Aplysia on apCAM,
a close relative of Drosophila Fas II and vertebrate are more widely distributed with smaller boutons (1 mm
in diameter) on long thin axons. Type I terminals containNCAM. Long-term sensitization in Aplysia results in the
formation of new synaptic connections between presyn- clear vesicles and are glutamatergic; type II terminals
contain a variety of different types of vesicles, includingaptic sensory neurons and their target cells. These struc-
tural changes can be mimicked in culture by application those with a dense core (Gorczyca et al., 1993). On
muscles 7 and 6, type I terminals are further subdividedof serotonin (5-HT). apCAM is down-regulated in the
sensory neurons in response to 5-HT (Mayford et al., in the third instar into bigger (Ib, from axon 1 or RP3;
these larger boutons are2–5 mmin diameter) and smaller1992). In addition to regulating newly synthesized ap-
CAM, 5-HT also leads to the rapid internalization and ones (Is, from axon 2 of MN 6/7b; these smaller boutons
are 1–3 mm in diameter and contain fewer active zones)degradation of apCAM from the surface of the sensory
neurons (Bailey et al., 1992). Thus, the application of (Atwood et al., 1993). Muscles 3, 4, 6, and 7 only receive
type I terminals.5-HT to cultures of sensory and motor neurons leads
to two correlated changes: an increase in presynaptic Motor axon growth cones reach their target regions
and probe neighboring muscles by embryonic stagesprouting and a decrease in presynaptic apCAM.
In the present series of studies, we examined the early 16, and form synapses during stages mid-16 to
early 17. Evoked synaptic transmission can be recordedformation, stabilization, growth, and plasticity of the
NMJ in Drosophila, a glutamatergic synapse. This syn- by stage late 16, although the properties of the synapse
are not yet fully mature until after embryogenesis (Broa-apse provides an excellent model system because ge-
netic analysis, transgenic techniques, and molecular ge- die and Bate, 1993).
We examined the development of the synapses fromnetic analysis can be combined with biophysical and
cell biological approaches (reviewed by Keshishian et RP3 and MN 6/7b onto muscles 7 and 6 in segment A2
by serial section EM during stages late 16, early 17, lateal., 1996). To conduct a genetic analysis of synaptic
growth and plasticity requires detailed structural infor- 17, and mid–first instar larvae. The two axons (RP3 and
MN 6/7b) are first at the cleft between muscles 7 and 6mation on the time course of normal synapse formation,
maturation, and growth. Although some information was by stage late 16. The axons initially contact the outer
surface (i.e., toward the epidermis) of the muscles atavailable (Atwood et al., 1993, Broadie and Bate, 1993;
Guan et al., 1996), much of what we needed was not, the cleft between the two muscles, and then extend
processes both anterior and posterior along the outerand therefore as the firststep in these studies, we under-
took an electron microscopic (EM) analysis of synapse surface of the cleft (stage early 17). The ends of these
axons quickly change shape from a growth cone to aformation and maturation from embryo to first instar,
and a light level analysis of synaptic growth from first presynaptic terminal aligned along the cleft.
At stage early 17, we detect the first indications ofinstar to third instar larvae. We then focused on the
expression and function of Fas II during synaptic devel- synaptic contacts between the axons and muscles 6
and 7 in wild-type (Canton S) embryos (Figure 1A). Theopment. Although Fas II is initially expressed at high
levels on motoneuron growth cones and axons (Van nature of the contact at this stage is a simple apposition
of the two membranes. At some points of contact, pre-Vactor et al., 1993), after synapse formation, Fas II be-
synaptic densities and clear vesicles appear in an ar-comes localized pre- and postsynaptically. Genetic
rangement suggesting a protosynapse (Figure 1A). Theanalysis shows that this synaptic expression of Fas II
presynaptic densities found in stage early 17 embryosis required for synaptic stabilization and that changing
do not have the characteristic membrane thickening andlevels of synaptic Fas II control synaptic growth.
T-bar morphologies found in the older, better defined
synapses.
Results Boutons containing active zones and T-bars are first
observed in stage late 17 embryos and are predomi-
Normal Development of the NMJ nantly found in the cleft between muscles 6 and 7 (Figure
In the Drosophila embryo and larvae, each hemisegment 1C). Thus, within less than 10 hr, the growth cone con-
(from segments A2–A7) contains a stereotyped pattern tacts its target muscles, transforms into an initial proto-
of 30 muscles, each individually identified by its size, synapse, and then the synapse matures into an array
shape, body wall insertion sites, and expression of mo- of distinct boutons with active zones and T-bars. During
lecular markers (reviewed by Keshishian et al., 1996). this same period, Broadie and Bate (1993) observed a
concomitant maturation of synaptic function. Thus, byThese 30 muscles are innervated by z45 motor axons
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Figure 1. Synaptogenesis at Muscles 6/7 in Wild-Type and FasII Mutant Embryos
Single sections from EM serial section reconstructions of developing synapses on muscles 6 and 7 in segment A2 in wild-type (A and C) and
FasIIeB112 null mutant (B and D) embryos at stages early 17 (A and B) and late 17 (C and D).
(A) In wild-type embryos at stage early 17, the RP3 axon initially contacts the outer surface (below, toward the epidermis) of the muscles at
the cleft between muscles 7 and 6, and extends processes both anterior and posterior along the outer surface of the cleft. At this stage, we
detect the first indications of synaptic contacts between the axons and muscles 6 and 7 in the form of a simple apposition of the two
membranes. At some points of contact, presynaptic densities and clear vesicles appear in an arrangement suggesting a protosynapse. The
axon extends numerous thin finger-like processes into the cleft. The second axon (from MN 6/7b) arrives around this stage.
(B) At this same stage as (A), we observe the same initial contacts in FasII null mutant embryos.
(C) In wild type at stage late 17, the synapse has matured into a series of discrete boutons containing active zones and T-bars that are
predominantly found in the cleft between muscles 7 and 6.
(D) At this same stage as (C), we observe the same initial formation of discrete boutons in the cleft in FasII null mutant embryos.
Scale bar: 0.5 mm.
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Table 1. Ultrastructural Analysis of Development of Wild-Type and FasII Mutant Synapses on Muscles 6 and 7
Synapse Late 17 First Instar Third Instar
Wild type
Number of boutons 15, 17, 18 24, 26, 27 179 6 3
Active zones/bouton 1.78 6 0.31 2.88 6 0.25 41 (Ib)a
T-bars/bouton 1.04 6 0.20 2.12 6 0.19 ND
Surface area of boutons (mm2 ) 5.29 6 0.86 4.11 6 0.47 z75 (Ib)
Surface area/active zone (mm2 ) 2.92 6 0.43 1.54 6 0.12 z1.8
FasIIeB112 (null mutant)
Number of boutons 14, 15, 17 15, 17 NAb
Active zones/bouton 1.83 6 0.21 3.88 6 0.44 NA
T-bars/bouton 1.41 6 0.14 2.58 6 0.34 NA
Surface area of boutons (mm2 ) 3.86 6 0.62 5.10 6 0.53 NA
Surface area/active zone (mm2 ) 2.11 6 0.24 1.75 6 0.17 NA
Ultrastructure of boutons based on analysis of 25–42 boutons for each stage and genotype. All values are 6SEM, except where too small a
sample, in which case individual numbers are given. All embryonic and first instar data based on EM serial section reconstructions of multiple
animals. The third instar number of boutons are from our light level counts.
An estimate of the type Ib bouton surface area is from our light level measurement. These rough estimates are in agreement with estimates
based on EM analysis by Atwood et al. (1993). The notation (Ib) refers to type 1 big boutons according to Jia et al. (1993) and Atwood et al.
(1993).
a The number of active zones per bouton is taken from the EM analysis by Atwood et al. (1993).
b FasIIeB112 null mutants die as late first instar larvae.
hatching, the synapse appears to be mature both ana- with uniform separation (in the EM) and with vesicles
clustered nearby.tomically and physiologically.
We examined the initial stages of synaptic stabiliza- The number of active zones per bouton increases
significantly (p 5 0.0076) from 1.78 to 2.88 during thistion and growth by light level microscopy and serial
section EM. In three different serial section reconstruc- period (Table 1). The total number of T-bars per bouton
doubles during this same period (from 1.04 to 2.12 pertions at stage late 17, we counted 15, 17, and 18 boutons
on muscles 7 and 6 (Table 1). In first instar larvae within bouton). At the early first instar stage, although we inde-
pendently follow the boutons from the two axons, we do0.5 hr after hatching, light level observations, using anti-
Synaptotagmin antibodies, revealed 21.2 6 1.1 boutons not detect consistent differences between the boutons
from either axon. Nevertheless, as described previously(n 5 21). Several hours later, EM reconstructions re-
vealed 24, 26, and 27 boutons in first instar larvae. In by Atwood et al. (1993), by third instar, the boutons from
the two axons have grown disproportionately in size,these and all other measurements of bouton number on
muscles 6/7, we consider the terminal arbor on both with the Ib boutons from RP3 having increased over 10-
fold in surface area and over 10-fold in number of activeneighboring muscles as one synapse because, in many
cases, individual branches meander back and forth with zones per bouton, while the Is boutons from MN 6/7b
have increased only 3-fold in surface area and 3-fold ininterspersed boutons on both muscles and, in some
cases, individual boutons in the cleft between the two number of active zones per bouton (Table 1). Interest-
ingly, the surface area per active zone remains largelymuscles have active zones synapsing on both muscles.
Thus, it appears that once boutons form during stage unchanged during this period of dramatic growth. Thus,
from hatching to third instar larvae, the number of bou-late 17, there begins a modest growth in the number
of boutons, a process that continues and appears to tons increases 10-fold, and the number of active zones
per bouton increases either 10-fold or 3-fold (for the twoaccelerate during larval life. Wall-climbing third instar
larvae (Canton S) contain 179 6 3 boutons (n 5 37). axons, respectively).
At the NMJ of the third instar, the nerve terminal isFrom hatching to third instar, therefore, there is a 10-
fold growth in the number of boutons (Figure 2). not covered by a glial cell as in vertebrates, but rather
the muscle membrane completely covers most boutons;There are also significant changes in the number of
active zones per bouton and in the size of the boutons. in Drosophila, the glia that wrap the motor axons end
before the final nerve terminals (Auld et al., 1995). JustAlthough the number of boutons does not dramatically
change from stage late 17 embryos to early first instar under the individual boutons, the muscle membrane in-
folds to form a complex mesh of thin leaflets called thelarvae, there are changes in the ultrastructure that ap-
pear to reflect the further maturation of the synapse subsynaptic reticulum (SSR).
We confirm and extend the work of Guan et al. (1996)(Table 1). Before describing these differences, we need
to define our terms, since they differ from the usage of by examining the development of the SSR and the gross
muscle morphology surrounding synaptic boutons.Atwood and colleagues (Atwood et al., 1993; Stewart et
al., 1996). We define the synapse as the collection of When boutons first form at stage late 17 in the embryo,
the SSR does not exist, but rather themuscle membraneboutons and terminal branches from a single presynap-
tic axon onto a single target (or in the case of muscles is in close contact with the nerve bouton circumference
on one side, while the other side is uncovered (Figure6 and 7, onto both of them as one combined target; see
discussion above), and an active zone as a continuous 3B). In first instar larvae, the amount of contact increases
as cytoplasmic extensions of the muscle extend aroundarea of electron dense pre- and postsynaptic membrane
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extensive in number and extent) to the SSR seen in third
instar larvae (see Figure 5A). Continued elaboration of
these infoldings appears to lead to the extensive system
of membranes that makes up the mature SSR.
Expression of Fas II at the Developing NMJ
The transmembrane form of Fas II (Fas II-TM) is initially
expressed by all embryonic motor axons and their
growth cones during the period of axon outgrowth (Van
Vactor et al., 1993) (Figure 4A). As growth cones reach
their targets and begin to transform into presynaptic
terminals, the axonal expression of Fas II begins to de-
crease. By first instar, the axonal expression of Fas II
is lower (Figure 4B), and by second instar, it is much
lower on axons (Figure 4C). During the period of axon
outgrowth, we observe a low level of expression of Fas
II across the surface of all muscles.
Although Fas II expression decreases dramatically on
motor axons, it localizes quite strongly to the synaptic
terminals of the NMJ (Figures 4B–4D). We have focused
our attention on type I terminals and find that Fas II
localizes to all type I terminals, including the boutons
and the short segments of terminal processes between
them. Figures 4E–4G compare the expression of Synap-
totagmin (Syt), a synaptic vesicle protein, with Fas II
using confocal microscopy. At the light microscopic
level, we observe that Fas II is expressed on the presyn-
aptic terminals, but it is difficult to determine whether
it is also expressed by the postsynaptic muscle. To
resolve this issue, we examined the NMJ by immuno-
Figure 2. Growth of the Muscles 6/7 Synapse in Wild-Type and FasII EM (Figure 5B). In third instar larvae, Fas II is expressed
Mutant Larvae
both pre- and postsynaptically. The majority of the mus-
Quantification of the number of boutons of the synapses on muscles
cle surface is devoid of staining, but Fas II immunoreac-7 and 6 at various larval stages in wild-type andvarious FasII mutants
tivity is observed along the muscle membrane in apposi-and transgenic backgrounds visualized using anti-Syt. Synaptic
tion to the boutons, and in the proximal portions of thegrowth is plotted as the number of boutons (on muscles 6/7 in
segment A2) as a function of the muscles 6/7 rectangular surface SSR. There also appears to be a gradient of Fas II stain-
area. The developmental stage, which is relatively linear with surface ing in the SSR, with the membranes closest to the bou-
area, is indicated above the graph. Note that all animals (mutants ton staining more intensely than those furthest away.
and controls) develop a mature first instar larval synapse that con-
We also observed a population of Fas II–expressingtains a normal complement of 15–20 boutons. During normal larval
vesicles in the middle of many boutons.development, there is a tight correlation between number of boutons
and muscle surface area. The wild-type developmental curve is best
fit by a second order regression (r 5 0.9), and all other developmental
Fas II Is Required for Synapse Stabilizationcurves, although incomplete, were fit with a second order regression
and Growthprimarily for the purpose of display. The correlation between bouton
What is the function of Fas II at the synapse? To answernumber and muscle size is significantly shifted in various FasII mu-
tant alleles. In the key, numbers in parentheses indicate percent of this question, we used a series of FasII mutant alleles
Fas II expression for each genotype analyzed. FasIIeB112 null mutants (Grenningloh et al., 1991) generated by the imprecise
with weak rescue (closed squares) are from larvae carrying two excision of a P element in the 59 control sequences
copies of the UAS–FasII reporter, which is a bit leaky in expression.
of the gene. The hypomorphic (partial loss-of-function)FasIIeB112 null mutants with mosaic rescue (synthetic mosaic; open
mutant alleles alter the levels of Fas II, but not its struc-triangles) are from larvae carrying the A51–GAL4 transgene and one
ture or relative tissue distribution. FasIIeB112 is a proteincopy of the UAS–FasII reporter. Measurements of bouton number
are from segments (e.g., A4) with very little Fas II expression. The null allele and is larval lethal, FasIIe76 produces 5%–10%
stage bar indicated at the top is correlated with the age of the larvae, of thenormal protein leveland is viable, FasIIe86 produces
except for the weak rescue and synthetic mosaic third instar larvae, z50% of protein, and FasIIe93 is a precise excision of
which are slightly smaller than wild type at this stage. Abbreviations:
the P element that produces a wild-type control for thee-2nd, early second instar; l-2nd, late second instar; e-3rd, early
genetic background. The combination of alleles FasIIe76/third instar; m-3rd, mid–third instar.
FasIIe93 produces about the same level of Fas II (z50%)
as the allele FasIIe86 in either a hemizygousmale orhomo-
zygous female (the FasII gene is on the X chromosome).the bouton and eventually completely engulf it (Figures
3C and 3D). At the same time, the membrane of the We first reconfirmed the previous observation that
FasIIeB112 null mutants die as first instar larvae. They suc-muscle begins to undergo a series of infoldings just
beneath the bouton. These initial infoldings observed in cessfully hatch, and begin crawling around, but within
hours begin to behave sluggish and uncoordinated.first instar larvae are very similar in appearance (but less
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Figure 3. Maturation of Boutons and Synaptic Specializations
Single sections from EM serial section reconstructions of developing synapses on muscles 7 and 6 in segment A2 at embryonic stages early
17 (A) and late 17 (B), and in first instar larvae (C and D).
(A) Initial synaptic contact at stage early 17; arrow shows a cluster of vesicles.
(B) Initial bouton in cleft at stage late 17.
(C and D) Further maturation of boutons in first instar larvae; arrowheads show muscle membrane enwrapping bouton, while arrows show
infolding of muscle membrane below boutons, which is the beginning of the SSR.
Scale bar: 0.5 mm.
They remain first instars well after their wild-type mates To determine where Fas II expression was required
for viability, we took advantage of several hundred inde-have become second instars, and ultimately stop mov-
ing and die. pendent enhancer detection/GAL4 (P element insertion)
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Figure 4. Fas II Expression from Growth Cone to Synapse
Anti-Fas II HRP immunocytochemistry of wild-type embryos and larvae at different developmental stages (A–D); confocal fluorescence
microscopy of anti-Syt and anti-Fas II (E–G).
(A) The growth cone and axon (arrow) of the aCC motoneuron both express high levels of Fas II in a stage 15 embryo; aCC is extending
dorsally toward its target, muscle 1.
(Legend for Figure 4 continued on next page)
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Figure 5. Subcellular Localization of Fas II at
the NMJ
Electron micrographs of type Ib boutons at
the NMJ on muscle 7 in a wall-climbing third
instar larvae, as conventionally processed (A)
or as processed for anti-Fas II immuno-EM
(B). Fas II is localized in a subset of presynap-
tic vesicles, on both the pre- and postsynap-
tic membranes, and throughout the proximal
portions of the SSR. The remaining muscle
cell surface is devoid of staining as are other
cell types in the vicinity such as trachea and
glia. Scale bar: 1 mm.
lines that had been previously generated in the lab (Lin background containing both a UAS–FasII transgene and
the FasII null mutation. We found that about one dozenand Goodman, 1994). Several of these “enhancer detec-
tor” lines (O’Kane and Gehring, 1987) drive expression out of the several hundred GAL4 lines rescued the FasII
null mutant lethality, and all of these lines drive expres-in subsets of neurons, glia, muscles, and in interesting
patterns of other tissues. In this case, they drive expres- sion of Fas II in subsets of both motoneurons and mus-
cles. This was our first indication that the synaptic ex-sion of GAL4, a yeast transcription factor that can be
used in Drosophila to activate the expression of other pression of Fas II at the NMJ might be the critical factor
for survival.genes by binding to upstream activation sequences
(UASs) (Brand and Perrimon, 1993). Thus, to test which We then directly tested this hypothesis that Fas II is
required at the synapse by using specific GAL4 linesof these GAL4 lines would rescue the FasII null mutant,
we crossed the GAL4 P element insertions into a genetic that either drive expression in all neurons (elav–GAL4)
(B) In first instar, the synapse from aCC to muscle 1 stains darkly, but the aCC axon (arrow) has reduced staining.
(C) By second instar, the synapse expresses high levels of Fas II, while the axon (arrow) expresses little or no Fas II.
(D) Synapses on muscles 1 and 9 in third instar larvae.
(E–G) Confocal images of two wild-type third instar larval synapses on muscle 4 double stained with anti-Syt-rhodamine (E) and anti-Fas II-
FITC (F). Both images are combined (G) to reveal the coincident expression of the synaptic vesicle protein Syt and Fas II (yellow) at individual
synaptic boutons. Note that Fas II is also expressed on the small axon terminal branches connecting the synaptic boutons at the synapse.
Scale bar in (A), 10 mm; in (C) for (B) and (C), 10 mm; in (D), 20 mm; and in (G) for (E)–(G), 20 mm.
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Figure 6. Fas II Controls the Growth of the
Larval Synapse
Anti-Syt immunostaining of a late wild-type
first instar larva (20 hr after hatching) (A), a
late FasII null mutant first instar larva (shortly
before death) (B), and wall-climbing third in-
star larvae of wild-type (C) and FasII synthetic
mosaic null (D) genotypes.
(A) By late first instar, the morphology of the
synapse on muscles 6/7 resembles that seen
in the third instar in terms of the number and
pattern of terminal branches, except that it
has many fewer boutons.
(B) In the FasII null mutant, the muscles have
grown and stretched the synapse, but it still
has the same number of boutons (z18) as is
normally present at hatching.
(C) Wild-type third instar showing the syn-
apse on muscles 6/7.
(D) Several synthetic mosaic lines were able
to rescue the first instar larval lethality of the
mutant FasIIeB112. The synthetic mosaic FasI-
IeB112/Y; A51–GAL4; UAS–FasII expresses Fas
II in a subset of motoneurons and muscles
and is able to rescue the synapses at which
it is expressed, thereby rescuing lethality.
However, this synthetic mosaic does not ex-
press Fas II in MN RP3, MN 6/7b, or muscles
6 and7 insegment A4. The normal innervation
of both of these muscleshas been completely
retracted, and instead there is a pair of bou-
tons from an ectopic branch of the transverse
nerve–innervating muscle 7.
(E) Expression of ectopic Fas II in both neu-
rons and muscles rescues the normal in-
nervation at muscles 6 and 7. The transgenic
line elaV–GAL4/UAS–FasII; MHC–GAL4 was
used to express ectopic Fas II in all neurons
and muscles in the FasIIeB112 null mutant back-
ground.
Scale bar: 50 mm.
or all muscles (MHC–GAL4). When crossed to the UAS– 17, boutons form in the cleft between muscles 7 and 6
in the mutant just as in wild type (Figure 1D). Moreover,FasII transgene, either GAL4 line alone did not rescue
lethality (a few escapers emerged from the MHC–GAL4 the normal number of boutons initially form. In three
different serial section reconstructions of FasIIeB112 nullline), but when both were combined, the FasII null mu-
tant was completely rescued and survived to adulthood. mutant embryos at stage late 17, we counted 14, 15,
and 17 boutons on muscles 7 and 6 (Table 1). Within 0.5Thus, Fas II is required both pre- and postsynaptically
for survival. hr after hatching, light level examination of preparations
stained with anti-Syt revealed 19.3 6 0.8 boutons (n 5The next step was to determine what function Fas II
plays at the synapse, and why its expression is abso- 26) in mutants compared with 21.2 6 1.1 boutons (n 5
21) in wild type. However, within a few hours of hatching,lutely required. The FasII null mutants are able to hatch
and initially locomote in a relatively normal fashion, and EM analysis revealed only 15 and 17 boutons in two
different mutants, while three different wild-type larvaethus we suspected that at least some aspects of syn-
apse formation are normal. To examine this issue in at the same stage had 24, 26, and 27 boutons. This is
the first stage at which we begin to detect a potentialmore detail, we turned to an analysis of the FasII null
mutant by EM serial section reconstructions (Figures 1B difference ina lack of growth. Although theFasII mutants
do not elaborate more boutons after the initial boutonsand 1D; Table 1).
Although Fas II is expressed at high levels at the syn- form, they do undergo further synaptic maturation, as
the number of active zones per bouton (and T-bars)apse from the earliest stages of its formation (Figures
4A and 4B), there is apparently no requirement for Fas increases significantly from embryonic stage late 17 to
first instar (Table 1).II in synapse formation. Rather, in its absence, the syn-
apse forms and matures, but does not grow, and then During the rest of the first instar stage, we observe a
lack of synaptic growth (Figure 6B) and the beginningretracts. In FasII null mutant embryos, the RP3 growth
cone finds and recognizes muscles 7 and 6, and begins of a process of synapse retraction, which we infer to be
the anatomical substrate of the behavioral defects weto transform into a presynaptic terminal arbor by stage
early 17 just as in wild type (Figure 1B). By stage late observe in the increasing sluggishness and uncoordina-
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Figure 7. Simultaneous Pre- and Postsynaptic Expression of Fas II Is Required to Stabilize the Synapse
Anti-Fas II (A and B) and anti-Syt (C) immunostaining of third instar larvae with the following genotypes: wild type (A), FasIIe76/Y; E62–GAL4;
UAS–FasII (B), and FasIIeB112/Y; E62–GAL4; UAS–FasII (C).
(A) Anti-Fas II immunostaining reveals the wild-type innervation pattern of muscle 3 by two motoneurons: MN 3a and MN 3b.
(B) The pattern of Fas II expression driven by the E62–GAL4 line was assessed using the low endogenous Fas II level of the viable hypomorphic
allele FasIIe76. E62 drives Fas II expression in muscle 3 and in MN 3a but not in MN 3b. A short immunochemical reaction time in this mutant
background was used to visualize only the transgenic Fas II expression (MN 3a) and not the low level of wild-type expression. The axon from
the MN 3b branch (arrowhead) and its junctional boutons (arrow) are visible under Nomarski optics.
(C) In a FasII null mutant background, E62 drives Fas II expression by the muscle and MN 3a, which leads to the stabilization of the MN 3a
synapse, but it does not rescue the MN 3b synapse, which in this example has retracted to a single bouton, as stained with anti-Syt. See
Table 2.
Scale bar: 20 mm.
tion. In late first instar mutant larvae, shortly before E62), in combination with the UAS–FasII reporter in the
FasII null mutant background, have allowed us to betterdeath, the number of boutons ranges from zero to num-
bers similar to that seen at hatching (15–18, although quantitate the process of synapse elimination in the
absence of Fas II. The A51–GAL4 line drives expressionsince the muscle has grown, these boutons are atypi-
cally spaced apart; Figure 6B). by many motoneurons and muscles, including muscles
6 and 7 and the RP3 motoneuron, but in a segment-Further genetic analysis has allowed us to verify and
better quantitate the process of synapse elimination in specific fashion. Expression is relatively normal in the
A2 segment, but weak or absent in A4 for RP3 andthe absence of Fas II. As described above, we screened
through a collection of hundreds of GAL4 enhancer–trap muscles 6 and 7. These animals survive to become wall-
climbing third instar larvae. We already know from EMlines (Lin and Goodman, 1994) using a UAS–FasII
transgene and found about one dozen that could rescue and light level examination of FasII null mutant first instar
larvae shortly after hatching that in the absence of Fasthe lethality of the FasII null mutant. Many of these lines
drive the mosaic expression of Fas II by only a subset II, the synapse at muscles 6 and 7 forms and matures
into 15–18 distinct boutons. In A51–GAL4; UAS–FasII;of motoneurons and muscles. Evidently, a Drosophila
larva only requires that a modest number of its muscles FasIIeB112 third instar larvae, segments that have Fas II
expression by the relevant neurons and muscles haveare functionally innervated for sufficient respiration and
locomotion. Two GAL4 enhancer–trap lines (A51 and grown to contain many boutons on muscles 6 and 7,
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Levels of Fas II Expression Can ControlTable 2. Presynaptic Fas II Is Required for Stabilization of MN
3b Synapse onto Muscle 3 Synaptic Growth
The genetic analysis described above shows that FasFas II Expression by MN 3b
II is required for synaptic stabilization and growth. In
MN 3b Synapse Wild Typea Very Weak or Absentb the complete absence of Fas II, the synapse forms and
Normal (21–45 boutons) 98% (45/46) 3% (2/76) undergoes its initial maturation, but it then fails to grow
Reduced (11–20 boutons) 2% (1) 20% (15) and instead begins to retract. Perhaps more interesting
Small (6–10 boutons) 0% (0) 33% (25) from the point of view of synaptic growth and plasticity
Minimal (1–5 boutons) 0% (0) 39% (30) is the observation that, even in the presence of Fas II,
Completely retracted
changes in its level of expression can have a dramatic(0 boutons) 0% (0) 5% (4)
impact on the growth of the synapse.
The MN 3b innervation of muscle 3 in abdominal segments A2–A6 In wild type, the synapse on muscles 6/7 grows from
has been quantified (see Experimental Procedures). Scores have
z18 boutons at first instar to z180 boutons at thirdbeen obtained from anti-Syt stained fillet preparations of wall-climb-
instar (179 6 3 boutons for Canton S [n 5 37], and 176 6ing third instar larvae.
5 boutons for the FasIIe93 wild-type control [n 5 20]). Wea The genotype for this data is E62–GAL4; UAS–FasII, but we ob-
served similar numbers of boutons in additional controls with either quantified the relative synaptic growth in a variety of
of these two transgenes alone, or with another GAL4 transgene different FasII mutant alleles and in different partial or
(24B) driving only in muscle. weak rescue conditions (Figure 2). EM and light level
b FasIIeB112/Y; E62–GAL4/UAS–FasII.
analysis shows that all of these FasII mutant conditions
begin larval development (i.e., 0.5 hr first instar) with the
same complement of z18 boutons at the muscles 6/7while those segments that lack Fas II expression (e.g.,
synapse.A4) can have zero boutons (e.g., muscle 6 in Figure 6D)
FasIIe86 (50% Fas II) first instar larvae have 19.5 6 0.98or only a few boutons (note that the two boutons on
boutons (n 5 13) at the muscles 6/7 synapse. In FasIIe86muscle 7 in Figure 6D come from an ectopic branch of
third instar larvae or its equivalent FasIIe76/FasIIe93(a com-the transverse nerve). Whereas muscles 6/7 synapses
bination of alleles that generate a similar z50% Fas IIin wild-type embryos have grown from z18 boutons as
reduction), we observed an increase in the growth offirst instars to z180 boutons as third instars, in these
the synapse to 271 6 8 boutons (n 5 25) or 260 6 6mosaic-rescued larvae, the segments having weak or
boutons (n 5 28), respectively. Thus, an z50% reductionno Fas II expression have retracted to 8.8 6 2.3 boutons
in the levels of Fas II at the synapse lead to an z50%(n 5 11: a muscle 6/7 juction in two larvae each having
increase in the number of boutons at this synapse, from0 boutons, and one muscle 6/7 junction in three different
z180 in wild type to z260 in 50% Fas II. In contrast, inlarvae having 1, 3, or 4 boutons).
the FasIIe76 (10% Fas II) allele, we observe a reductionWe also used the E62–GAL4 line to examine synapse
in growth at third instar to only 116 6 4 boutons (seeelimination on muscle 3. Muscle 3 normally receives
also Stewart et al., 1996).input from two motoneurons (here called 3a and 3b;
Figure 7A). The E62–GAL4, when combined with UAS–
FasII, drives expression of Fas II on a large subset of
Discussionmotoneurons and muscles, including muscle 3 and MN
3a but not MN 3b (Figure 7B). In the example shown in
During synapse formation at the NMJ in Drosophila, theFigure 7B, both synapses are present, but only MN 3a
CAM Fas II becomes localized to both the pre- andstains darkly with anti-Fas II, since in this case, the
postsynaptic membranes. In this paper, we have usedE62–GAL4 line was combined with the UAS–FasII line
genetic analysis to show that Fas II expression at thein a FasIIe76 hypomorphic (10% Fas II) mutant back-
synapse is required for synaptic stabilization andground (in which the protein levels are not detectable
growth. In the absence of Fas II, the synapse forms,by normal immunostaining). Thus, the E62 line allows
differentiates its initial complement of boutons, andus to generate a genetic mosaic in the innervation of a
those boutons further mature by the addition of moresingle muscle in a FasII null mutant background. We
active zones. However, during postembryonic develop-can test what happens to the rescued mutant synapse
ment, the synapse fails to sprout and grow further.(MN 3a) compared with the mutant synapse (MN 3b)
Rather, the boutons begin to retract, leading to synapseusing the anti-Syt antibody (Figure 7C and Table 2): 98%
elimination at the NMJ and death. Both the synapse(n 5 46) of control MN 3b synapses in third instar larvae
elimination and the resulting lethality are rescued bycontain 20 or more boutons (controls include a variety of
transgenes that drive Fas II expression both pre- anddifferent genetic backgrounds plus or minus the relevant
postsynaptically at the NMJ. Driving Fas II expressiontransgenes); in contrast, only 3% (n 5 76) of FasII mutant
on either side alone is insufficient.MN 3b (nonrescued) synapses contain a similar number
Thus, it appears that a threshold amount of Fas II isof boutons (Table 2); 39%contain only 1–5 boutons (e.g.,
required on both sides of the synapse to stabilize the1 bouton shown in Figure 7C), and 5% are completely
synapse and allow it to sprout and grow further. Thisretracted (additional 53% have an intermediate mor-
conclusion is bolstered by synthetic mosaic analysis inphology; Table 2). Thus, taken together, the analysis of
which the expression of Fas II is separately controlledthe innervation of muscles 6/7 and muscle 3 in mosaic-
for two different motor axons synapsing on the samerescued FasII null mutant larvae shows that, in the ab-
muscle (Figure 7 and Table 2). In these mosaic experi-sence of Fas II, synapses do not just fail to grow, but
they retract and can be completely eliminated. ments, when Fas II is expressed on the postsynaptic
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target (muscle 3) but only on one of the two motor axons presynaptic apCAM, that this change in the level of ap-
synapsing on that muscle, the synapse from the moto- CAM leads to sprouting, and that this sprouting is the
neuron expressing Fas II (MN 3a) is stabilized and per- basis for the structural changes that accompany long-
sists, while the synapse from the motoneuron that does term memory. In the present paper, genetic analysis
not express Fas II (MN 3b) is retracted. has allowed us to confirm one step in this hypothesis,
At muscles 6 and 7, two axons (RP3 and MN 6/7b) namely, that a down-regulation in the level of a synaptic
form z18 boutons by birth. These two synapses grow CAM (in this case, Fas II) leads to synaptic sprouting in
to z180 boutons by third instar. The synapses normally the organism.
grow 10-fold in the number of boutons, and each bouton In the next paper (Schuster et al., 1996), we show that
grows 3- to 10-fold in its size and number of active eag Shaker and dunce mutants do indeed lead to a
zones, presumably tokeep up with theenormous growth similar down-regulation of synaptic Fas II (and sprouting
in the size of the target muscles during larval growth. of the muscles 6/7 synapse) and that this down-regula-
This normal growth process may be intrinsic to the pre- tion of Fas II at the synapse is both necessary and
synaptic neuron, or it may reflect feedback signals from sufficient for the cAMP-dependent enhancement of syn-
the growing muscle. Experiments are in progress to dis- aptic growth. However, that is only part of the story,
tinguish between these two models. Nevertheless, this since decreases in synaptic Fas II lead to the structural
is a highly dynamic synapse that grows enormously over but not the functional enhancement of the synapse. In
a several day period. the third paper (Davis et al., 1996), we further genetically
Our analysis demonstrates that various FasII alleles dissect and then reconstitute the molecular mecha-
and transgenic combinations that generate altered lev- nisms of cAMP-mediated synaptic enhancement, show-
els of Fas II expression at the synapse can result in ing that CREB, the cAMP response element–binding
synapse elimination, reduced growth, or even enhanced protein, acts in parallel with Fas II to control the cAMP-
growth of this synapse during this several day period. mediated enhancement in synaptic strength.
All FasII mutant synapses begin postembryonic devel-
opment with the same complement of z18 boutons, but
Experimental Procedures
some retract to only a few boutons, and others grow to
z300 boutons. Genetic Stocks
Although Fas II is expressed at high levels both pre- The hypomorphic FasII alleles FasIIe86 and FasIIe76, the FasII null
mutant FasIIeB112, and the control line for the genetic backgroundand postsynaptically at the NMJ in Drosophila where it
FasIIe93 have been described previously by Grenningloh et al. (1991).controls synaptic stabilization and growth, we do not
These lines express about 50%, <10%, 0%, and 100% of wild-typeknow whether it plays a similar role at central synapses.
Fas II, respectively. For all of the transgenic experiments, we usedIt is quite possible that other CAMs, or combination of
various GAL4 lines to drive the UAS–FasII reporter. This reporter
CAMs, play similar roles at synapses throughout the line is homozygous viable and contains a P element insertion con-
CNS. In fact, it seems unlikely, given the diversity of taining a UAS–FasII (transmembrane, PEST1 isoform) construct on
synapses in the CNS, that one CAM would control the the second chromosome (D. Lin and C. S. G., unpublished data).
We used the following GAL4 lines.stabilization and growth of all types of synapses. More-
E62–GAL4over, although Fas II is required on both sides of the
Homozygous viable GAL4 enhancer–trap line (second chromosome;synapse in vivo, and in vitro Fas II can mediate homophi-
Lin and Goodman, 1994). This line drives expression in many moto-
lic binding (Grenningloh et al., 1990), we do not know neurons and muscles, including muscle 3 and one of the motor
whether Fas II controls synaptic stabilization and growth axons that innervates it (MN 3a), but not the other (MN 3b).
by a homophilic mechanism, or alternatively, by hetero- elav–GAL4
philic binding to some other extracellular matrix or cell Transgenic line containing one copy of the elav promoter fusion to
the open reading frame of GAL4 (provided by L. Luo and Y. N. Jan).surface component.
MHC–82Perhaps most interesting from the point of view of
Homozygous viable line containing a myosin heavy chain promotersynaptic plasticity is the observation of enhanced syn-
fusion to the open reading frame of GAL4 (provided by M. Winberg).
aptic growth when Fas II levels are decreased by z50% 24B–GAL4
in either FasIIe86 or FasIIe76/FasIIe93. These genetic condi- GAL4 enhancer–trap line expressing GAL4 in all embryonic and
tions lead to a 50% increase in the size of the synapse. larval somatic muscles (provided by L. Luo and Y. N. Jan).
Similar kinds of enhanced synaptic growth have been
seen on other Drosophila muscles in mutants with ele- Larval Culture, Dissections, and Immunocytochemistry
Small populations of larvae (about 50/vial) were raised in freshlyvated neuronal activity (due to decreased potassium
prepared food at constant 258Cand 70% relative humidity. Constantcurrents in eag Shaker) or with increased cAMP levels
culture conditions were critically important for the reproducibility of(dunce) (Budnik et al., 1990; Zhong et al., 1992).
quantitative experiments. Larval dissections and immunostainings
There is certainly a good precedent for thinking that were performed as described earlier (Lin and Goodman, 1994). The
Fas II might play a role in the enhancement of synaptic serum antibody directed against Syt (provided by T. Littleton and
growth seen in eag Shaker and dunce mutants. As dis- H. Bellen) was preabsorbed against an excess amount of fixed em-
cussed in the Introduction, when Aplysia sensory and bryos (0–5 hr) and used at a final dilution of 1:400. The monoclonal
antibody directed against Fas II (MAb 1D4; G. Helt and C. S. G.,motor neurons aregrown in culture, applications of sero-
unpublished data) was used at a dilution of 1:5. Secondary antibod-tonin that induce presynaptic sprouting also lead to a
ies (HRP-conjugated goat anti-mouse, Jackson Immunoresearchdown-regulation of presynaptic apCAM (Mayford et al.,
Labs; HRP-conjugated donkey anti-rabbit) were used at1:400. FITC-
1992; Bailey et al., 1992), the Aplysia homolog of Fas II. conjugated goat anti-mouse and rhodamine-conjugated donkey
This work led to the hypothesis that perhaps activity- and anti-rabbit antibodies were used at a dilution of 1:1000. All
dependent events (involving neuronal activity and in- flourescently labeled preparations were performed under minimal
light exposure and were cleared in Vectashield (Vector Research).creased levels of cAMP) lead to a down-regulation of
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Electron Microscopy Bailey, C.H., and Kandel, E.R. (1993). Structural changes accompa-
nying memory storage. Annu. Rev. Neurosci. 55, 397–426.Canton S and FasIIeB112 mutant embryos and larvae were hand devi-
tellinized, opened dorsally, and prepared for EM according to proce- Bailey, C.H., Montarolo, P., Chen, M., Kandel, E.R., and Schacher,
dures previously described (Linet al., 1994; Auldet al., 1995). Studies S. (1992). Inhibitors of protein and RNA synthesis block structural
of bouton ultrastructure were based on observations of serial thin changes that accompany long-term heterosynaptic plasticity in
sections of at least two specimens of each class. Individual boutons Aplysia. Neuron 9, 749–758.
were approximated as prolate spheroids in calculating bouton sur-
Beyer, W.H. (1987). CRC Handbook of Mathematical Sciences, Sixth
face area from measurements of serial EM micrographs (Beyer,
Edition (Boca Raton, Florida: CRC Press, Incorporated), p. 162.
1987).
Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as
a means of altering cell fates and generating dominant phenotypes.
Quantification of Junctional Size Development 118, 401–415.
Larvae were raised under normalized conditions, dissected, anti-
Broadie, K.S., and Bate, M. (1993). Development of the embryonicSyt stained, and mounted. The number of boutons was counted at
neuromuscular synapse of Drosophila melanogaster. J. Neurosci.high magnification; then the muscle length and width was measured
13, 144–166.using an ocular micrometer (Zeiss). For muscles 6/7, the combined
Budnik, V., Zhong, Y., and Wu, C.-F. (1990). Morphological plasticitywidth of both muscles and their length were used to calculate the
of motor axons in Drosophila mutants with altered excitability. J.rectangular inner muscle surface area as an approximation of the
Neurosci. 10, 3754–3768.muscle size. The raw bouton counts were divided by the rectangular
inner muscle surface area. This calculation resulted in a value, which Dan, Y., and Poo, M.-M. (1994). Retrograde interactions during for-
is described as the normalized size of an NMJ relative to a surface mation and elimination of neuromuscular synapses. Curr. Opin. Neu-
area unit. This was particularly helpful when, for example, NMJs of robiol. 4, 95–100.
larger female larvae had to be compared with those of generally Davis, G.W., Schuster, C.M., and Goodman, C.S. (1996). Genetic
smaller male larvae. This type of measurement is used to a greater dissection of structural and functional components of synaptic plas-
extent in the next two papers (Schuster et. al., 1996; Davis et al., ticity. III. CREB is necessary for presynaptic functional plasticity.
1996). Neuron 17, this issue.
Desmond, N.L., and Levy, W.B. (1986). Changes in the numerical
Transgenic Mosaic FasII Animals density of synaptic contacts with long-term potentiation in the hip-
To express Fas II transgenically in the background of the lethal pocampal dentate gyrus. J. Comp. Neurol. 253, 466–475.
FasII null mutant FasIIeB112, we first constructed the following line: Doherty, P., Fazeli, M.S., and Walsh, F.S. (1995). The neural cell
FasIIeB112/FM7c; UAS–FasII/UAS–FasII. Virgins of this line were adhesion molecule and synaptic plasticity. J. Neurobiol. 26,
crossed to various GAL4-expressing lines (Lin and Goodman, 1994), 437–446.
including E62–GAL4, elav–GAL4, MHC–GAL4, A51–GAL4, 24B–
Fields, D.R., and Itoh, K. (1996). Neural cell adhesion moleculesGAL4, B185–GAL4, and to Canton S (wild type). The adult progeny
in activity-dependent development and synaptic plasticity. Trendswere scored for rescued FasIIeB112/Y; UAS–FasII/GAL4-expressor
Neurosci., in press.males. Male third instar larvae of these crosses were collected and
Glanzman, D.L., Kandel, E.R., and Schacher, S. (1990). Target de-assessed for the color of their Malpigian Tubules (MTs). Colorless
pendent structural changes accompanying long-term synaptic facil-MTs identified w2/Y males and thus the X chromosome FM7c; yellow
itation in Aplysia neurons. Science 249, 799–802.and thus wild-type MTs identified the following males: FasIIeB112/Y;
UAS–FasII/GAL4-expressor. These animals were dissected and im- Goodman, C.S. (1996). Mechanisms and molecules that control
munohistochemically processed as described. growth cone guidance. Annu. Rev. Neurosci. 19, 341–377.
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